Abstract -In this study, the compositions for the microwave dielectric materials were investigated to obtain the improved dielectric properties, the high temperature stability, and the sintering temperature of less than 900 o C, which was necessary for cofiring with the internal conductor of silver. In addition, the dielectric sheets were prepared by the tape casting technique, after which the sheets were laminated and sintered. In this process, the optimum ratio of powder and binder, laminating pressure, temperature, and possibility for cofiring with the internal conductor were studied. Finally, multilayer chip treplexer filter for the 800-2,000 MHz range were fabricated, and the frequency characteristics of the triplexer filter were investigated. When the 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+7wt%H 3 BO 3 ceramics were sintered at 820 o C for 0.3 hours, the microwave dielectric properties of the dielectric constant of 29.91, quality factor of 33,000 GHz, and temperature coefficient of resonant frequency of -2.76 ppm/ o C were obtained. Using the Advanced Design System (ADS) and High Frequency Structure Simulator (HFSS), the multilayer chip triplexer filter acting at the range of 800-2,000 MHz were simulated and manufactured. The manufactured triplexer filter had the excellent frequency properties in the CDAM800, GPS and PCS frequency regions, respectively.
Introduction
The usage of mobile communication devices has rapidly increased due to the advancements in the electronic industry and the emergence of the information-oriented society. The increase in demand for mobile communication devices was led by personal mobile terminal in the UHF range of 300 MHz -3 GHz) [1, 2] . The demand for miniaturization and lightweight devices requires smaller and multifunctional electronic components, such as the RF filter, which is considered to be bulky and heavy. In addition, surface mounting of this device (SMD) is inevitable. Therefore, multi-layer technologies, such as multi-layer capacitor and tape casting have received great attention from researchers in recent years [3, 4] . In addition, loss of resistance of the internal conductor in multi-layered devices significantly affects the performance of such devices within the microwave range of several hundred MHzs. An internal conductor should utilize materials with high conductivity, such as silver (Ag, m.p.=961 o C) or copper (Cu, m.p.=1064 o C) [5, 6] . In case that Low Temperature Cofired Ceramics (LTCC) technology is applied for device manufacturing, sintering of dielectric material should be conducted at a temperature, which is less than the melting point of conducting metal.
The dielectric in the TiO 2 -TeO 2 system among the developed LTCC materials is a highly promising material due to the low temperature required in sintering [7] . In 2000, Udovic, Valant, and Suvorov conducted the research for the improvement of dielectric characteristics in the microwave region through the addition of the sintering additive, TeO 2 , into the TiO 2 -TeO 2 system [8] .
Regarding TiTe 3 O 8 ceramics, the temperature coefficient of resonance frequency is +50 ppm/ o C, which results in the susceptibility to temperature variation, despite the low sintering temperature (760 o C), high electric constant (ε r =42), and high quality factor (35,000 GHz). Therefore, it is known to be an unsuitable microwave dielectric material. In this paper, eutectic phase with mixing of MgTiO 3 ceramics (Qf = 22,000 GHz, ε r =16, TCRF=-55 ppm/ o C) was utilized to control the temperature coefficient of resonance frequency using a logarithmic mixing rule [9] .
During the LTCC process, prolonged period of high sintering temperature can increase the electrical resistivity from the oxidation of Ag electrode; however, the time required for high sintering temperature should be minimized as much as possible [10] . SnO and H 3 BO 3 is one of the well known low-temperature sintering additives, and a single component of this additive can decrease the dielectric performance due to the formation of new phase from preferred reaction with dielectric material. Therefore, the addition of complex components with more than two types has been reported to display superior performance and reduced sintering temperature at the same time [11] .
In this study, the application of the logarithmic mixing rule on the MgTiO 3 -TiTe 3 O 8 system using SnO and H 3 BO 3 , its microwave dielectric properties, and sintering temperature variation were investigated. Using MgTiO 3 -TiTe 3 O 8 + SnO+ H 3 BO 3 ceramics with low temperature sintering capability and exceptional dielectric property, the triplexer filter was designed and manufactured to evaluate the frequency response in the CDMA800, GPS, and PCS regions.
Experimental
The starting materials were high-purity (more than 99%) MgO 3 were mixed with the compositional ratio, after which they were uniaxially pressed into a 12 mm-diameter disk under the pressure of 800 kg/cm 2 . The disks were sintered in air at 820 o C for 0.3 hours. These sintered samples were then polished. The bulk densities of the pellets were measured using the Archimedes method with deionized water. The crystalline structure were analyzed by X-ray diffraction (XRD) using a CuKα emission. The microstructures of polished and thermally etched surfaces were observed by scanning electron microscope (SEM). Dielectric properties at the microwave frequency were measured using the Hakki and Colemann methods [12, 13] . A HPE5071B network analyzer was used for the microwave characteristic measurements. The dielectric constant can be determined accurately by measuring the resonant frequency of the TE 011 mode and by verifying the TE 01δ resonant modes. The temperature coefficient of the resonant frequency was defined as follows:
To investigate the possibility of the filter application, the triplexer was designed, simulated, and manufactured using Advanced Design System (ADS) and HFSS, which are used in the electro-magnetic analysis tool. The frequency response characteristics of the manufactured triplexer were then measured by vector network analyzer. o C and 0.3 hours, respectively. Overall, the TiTe 3 O 8 and MgTiO 3 phase without the secondary phase was found. The increase in weight percent of H 3 BO 3 (wt%) resulted in the reduction in full width at half maximum (FWHM) and diffraction intensity of TiTe 3 O 8 and MgTiO 3 . This phenomenon is considered to improve the crystallization of 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO ceramics, especially with the addition of the H 3 BO 3 sintering additive. The most frequently adopted method for effective sintering is by using an additive material, the addition of which can form a solid solution in the matrix or liquid phase during sintering process to promote the process [14] . In this experiment, the addition of H 3 BO 3 is considered to be related to the formation of the liquid phase 3 and SnO were not present in the specimen after conducting the sintering process. This can be elucidated by the X-ray diffraction pattern in Fig. 1 , which does not show the pattern related to SnO and H 3 BO 3 . Fig. 4 shows the sintering density and dielectric constant of 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+xwt%H 3 BO 3 . The addition of H 3 BO 3 in 3-5wt% displayed higher density than pure 0.6TiTe 3 O 8 -0.4MgTiO 3 . The added SnO and H 3 BO 3 formed the liquid phase during sintering, thus facilitating the sintering process. Overall, the higher content of H 3 BO 3 resulted in reduced sintering density. This phenomenon could be explained through the lower molecular weight of H 3 BO 3 (61.84) and lower melting point (m.p.=185 o C), which was vaporized after promoting liquidphase sintering. The vaporization of the sintering additive also reduced sintering density. Regarding the dielectric constant, the addition of H 3 BO 3 showed higher value compared with that of pure 0.6TiTe 3 O 8 -0.4MgTiO 3 ; however, the increase in H 3 BO 3 content resulted in the reduction in constant. This phenomenon is similar to sintering density. The dielectric constant is determined by the composition of material and is affected by the size of the grain, pore (ε r =1), and secondary phase [16] .
Result and Discussion
The quality factor and temperature coefficient for the resonance frequency of 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO +xwt% H 3 BO 3 ceramics are shown in Fig. 5 . The addition of sintering additives, H 3 BO 3 , and SnO also reduced quality factor. In general, quality factor increases with density. However, a previous report has stated that there is no correlated result for this [17] . Dielectric loss of material is basically determined by attenuation constant, which is related to non-harmonic vibration of lattice. However, the polycrystalline dielectric material cannot be depicted by a single factor due to the presence of various effects, such as lattice defect, crystalline boundary, impurity, and so on. In this study, decrease in quality factor through the addition of H 3 BO 3 and SnO occurred because of the increased loss at the crystalline boundary. This indicated that abnormal grain growth caused by improved sintering characteristics reduced the quality factor. Quality factor also improved when H 3 BO 3 increased from 3wt% to 5wt%. In addition, over 5wt% of sintering additive induced the reduction of Q factor. The addition of H 3 BO 3 in small quantity was related to relatively dense sintered body with increased grain size and less porosity that led to a corresponding high quality factor. More than 3wt% of H 3 BO 3 caused the reduction in quality factor due to the loss at grain boundary brought about by the abnormal grain growth. For the temperature coefficient on resonance frequency, all compositions showed negative values. However, pure 0.6TiTe 3 O 8 -0.4MgTiO 3 without the sintering additive displayed a positive value, and the negative temperature coefficient corresponded to the addition of H 3 BO 3 and SnO. Along with the increase in added amount of H 3 BO 3 , temperature coefficient changed to a positive value. The low melting point of H 3 BO 3 could be attributed to the vaporization of additive after completing the sintering process. Therefore, the impact on temperature coefficient was unnoticed. From these results, the negative value of the temperature coefficient for 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+xwt%H 3 BO 3 was related to the addition of SnO. SnO showed a relatively high melting point (m.p.: 800 o C) and remained inside the specimen even after the sintering process was finished. Thus, residual SnO might have an impact on temperature coefficient of resonance frequency.
According to the results, the dielectric constant, quality factor, and temperature coefficient of 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+7wt%H 3 BO 3 , which was sintered at 820 o C for 0.3 hours exhibited values of 29.91, 33,000 GHz and -2.76 ppm/ o C, respectively. This composition was utilized for the preparation of ceramic dielectric sheet for multi-layer chip filter.
Green sheet was produced using 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+7wt%H 3 BO 3 ceramics with tape casting (Fig.  6) . The slurry for tape casting was mixed with 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+7wt%H 3 BO 3 powder and PVB binder system after 24 hours of ball-milling. The most common empirically determined solid loading (ratio of powder in slurry) for a multi-layer capacitor is 65/35 of weight ratio. Thus, for this study, a 65/35 mixing ratio was also adopted to prepare the slurry. The viscosity of the slurry is not only critical information to check the state of the slurry, but is also an important factor for the density of green sheet after casting. In our work, the viscosity of the slurry was controlled at 2,620 cps to achieve the maximum density in green sheet. Powder and binder were mixed for 24 hours, and the green sheet was fabricated into a 100 μm-thick sheet on top of carrier film using tape caster (P.V.S Model 110). Fig. 7 shows the equivalent circuit and design drawing for the simulation and fabrication of triplexer. From the design factor for the triplexer filter, circuit simulation was conducted using ADS ( Fig. 7-a) . The applicable frequency range of the triplexer filter; CDMA800, GPS and PCS ranges; LPF (low pass filter), BPF (band pass filter), and HPF (high pass filter) were all used for the design. The corresponding design drawing for the triplexer made of 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+7wt%H 3 BO 3 green sheet was drawn with HFSS ( Fig. 7-b) . Silver was chosen for the internal electrode. Including the top and bottom electrodes, 16 layers were designed for the CDMA800, GPS, and PCS ranges. The actual dimension of the triplexer was 3.23 mm in width, 2.52 mm in length, and 1.59 mm in thickness.
Agilent 8753E network analyzer was used to determine the frequency characteristics of the triplexer filter (Fig. 8) . Center frequency for measurement was 1,500 MHz, and the frequency range was within 2,000 MHz. The most important factor for triplexer filter measurement is attenuation characteristics rather than voltage standing wave ratio (VSWR). The triplexer with the unique frequency ranges should not act as filter for the specified frequency range, and other frequency ranges than the target one should not be blocked to generate noise. Therefore, filtering characteristics other than the specified frequency range should be restricted. The resulting values are 0.5 dB of insertion loss, 1.31 of VSWR, 38.572 dB (GPS) and 30.013 dB (PCS) of attenuation property for the CDMA800 range; 1.36 dB of insertion loss, 1.8of VSWR, 25.384 dB (CDMA800) and 15.179 dB (PCS) for the GPS range; and 1.4 dB of insertion loss, 1.4 of VSWR, 31.311 dB (CDMA800) and 28.4 dB (GPS) for the PCS range.
To verify that the proposed compositions provide the improved dielectric properties for microwave application, a comparison of attenuation properties in commercial (MTX-300LP of MTC, Inc.) and proposed triplexer is shown in Table 1 . In the almost frequency region, the proposed triplexer shows superior attenuation properties compared with the commercial triplexer. With these results, it can be said that Ti-Te system ceramics can help achieve improved dielectric properties for microwave application.
Conclusion
In this study, SnO and H 3 BO 3 were added to 0.6TiTe 3 O 8 -0.4MgTiO 3 for microwave ceramic dielectric, which was optimized for low-temperature sintering under 900 o C. Using the tape casting method, the dielectric green sheet was manufactured with the addition of SnO and H 3 BO 3 . In addition, a triplexer for 800 MHz and 2 GHz was fabricated to evaluate frequency characteristics. When H 3 BO 3 and SnO were added, higher sintering density and dielectric constant was achieved compared with pure 0.6TiTe 3 O 8 -0.4MgTiO 3 . For quality factor, it was lower than pure 0.6TiTe 3 O 8 -0.4MgTiO 3 . Along with increased amount of H 3 BO 3 , sintering density and dielectric constant of 0.6TiTe 3 O 8 -0.4MgTiO 3 +3wt%SnO+xwt%H 3 BO 3 ceramics were also reduced. The quality factor of 0. 3 was used in preparing green sheet using the tape casting method. The resulting triplexer from this green sheet exhibited superior frequency characteristics, such as 0.5 dB of insertion loss, 1.31 of VSWR, 38.572 dB (GPS) and 30.013 dB (PCS) of attenuation property for the CDMA800 range; 1.36 dB of insertion loss, 1.8of VSWR, 25.384 dB (CDMA800) and 15.179 dB (PCS) for the GPS range; and 1.4 dB of insertion loss, 1.4 of VSWR, 31.311 dB (CDMA800) and 28.4 dB (GPS) for the PCS range.
